Gas has been detected in a number of debris disks. It is likely secondary in nature and produced by the colliding solids in these disks. Here, we used ALMA Band 8 to observe emission from neutral carbon at 492 GHz in the CO-rich debris disk around the 15-30 Myr old A-type star HD 32297. We find that C 0 is located in a ring at ∼110 au with a FWHM of ∼80 au, and with a surprisingly small mass of (3.5 ± 0.2) × 10 −3 M ⊕ . An order of magnitude estimate shows that such a mass can be produced by CO photo-dissociation in a time no longer than 10 000 yr. We develop a simple evolutionary model to properly account for the reduction in CO photo-dissociation by CO self-shielding and shielding by neutral carbon, following the suggestion by Kral et al. (2018) . When adopting the commonly used intensity of the interstellar radiation field, to simultaneously reproduce the observed C 0 and the previously determined C 18 O masses with our model, a high CO production rate by the debris disk is required, and that gas production started only ∼3000 yr ago around this star. By association, its dusty debris disk must also be similarly short-lived. We discuss various scenarios where our conclusion may fail. We conclude that the gas observed around HD 32297 is the result of a recent event, similar to the debris disk around β Pictoris.
INTRODUCTION
A considerable fraction of main-sequence stars are surrounded by dusty disks known as debris disks (e.g. Hughes et al. 2018 ). These objects are analogous to the asteroid belt and the Kuiper belt in the solar system, and are often interpreted as leftover products from the planet formation era. The observed dust is secondary, i.e. produced from the continuous collisional destruction of larger bodies. Main motivations to observe debris disks are 1) to constrain the composition of the asteroidal and cometary bodies within the disks, 2) to study the evolution of exoplanetary systems (e.g. migration signatures), and 3) to constrain the dynamics, e.g. via planet-induced disk structures such as gaps or spirals.
A sub-sample of debris disks, mainly surrounding young A-type stars, are observed to contain gas besides the dust. The Atacama Large Millimeter/submillimeter Array (ALMA) has been instrumental in increasing the sample of gaseous debris disks by providing sensitive observations of CO emission (e.g. Kóspál et al. 2013; Lieman-Sifry et al. 2016; Moór et al. 2017) . Today, about 20 gaseous debris disks are known. The observed CO masses show a large spread. In some systems, the CO column density is so low that CO is not self-shielded against photodissociation by the interstellar radiation field (ISRF) (e.g. Marino et al. 2016; Matrà et al. 2017a Matrà et al. , 2019 . As a consequence, CO is photodissociated on a short timescale (∼120 yr, Visser et al. 2009 ), implying the need for continuous CO reproduction. In other words, the observed gas is secondary, for example produced from the sublimation of icy, cometary bodies (e.g. Kral et al. 2017) . On the other hand, a few disks contain CO masses comparable to protoplanetary disks (e.g. Kóspál et al. 2013; Moór et al. 2017) . Such high CO masses have been difficult to explain in a secondary scenario. Thus, it was suggested that these are 'hybrid' disks, i.e. disks where secondary dust and primordial (i.e. leftover from the protoplanetary phase) gas co-exist (Kóspál et al. 2013; Moór et al. 2017; Péricaud et al. 2017 ). However, Kral et al. (2018) recently suggested that even these disks can be explained by secondary gas production if shielding of CO by neutral carbon is taken into account. Carbon is continuously produced from CO photodissociation. Eventually, the carbon column density is high enough to attenuate dissociation of CO, allowing a large CO mass to build up. The process is then further supported by CO self-shielding. These disks are thus called shielded debris disks.
A possible example of a shielded debris disk can be found around HD 32297, located at a distance of 132.3 ± 1.0 pc (Bailer-Jones et al. 2018) . The spectral type has been described as A5-A7 1 (Fitzgerald et al. 2007; Donaldson et al. 2013; Rodigas et al. 2014 ) and its age has been estimated to be 15 Myr (Rodigas et al. 2014 ) and < 30 Myr (Kalas 2005) . The dust component of the disk has been studied in considerable detail, both in scattered light (e.g. Boccaletti et al. 2012; Currie et al. 2012; Asensio-Torres et al. 2016 ) and thermal emission (e.g. Maness et al. 2008; Donaldson et al. 2013; MacGregor et al. 2018) . Gas has been observed in the form of CO (Greaves et al. 2016; MacGregor et al. 2018) , C II (Donaldson et al. 2013) and Na I (Redfield 2007) . Since the 12 CO emission is optically thick, Moór et al. (2019) recently used observations of the 13 CO and C 18 O isotopologues to constrain the total CO mass. They find that the HD 32297 disk contains a large CO mass, comparable to protoplanetary disks. They propose that the HD 32297 gas disk is secondary and shielded.
Because of the pivotal role carbon plays in the physics of gaseous debris disk, in particular shielded disks, observations of carbon are an important tool to improve our understanding of these objects. In this paper, we present ALMA observations of neutral carbon emission towards HD 32297. Our paper is structured as follows: in section 2, we describe our observations. In section 3, we present the data analysis and determine the spatial distribution and mass of the neutral carbon. In section 4, we estimate how long ago gas production started. In section 5, we discuss our results. Finally, section 6 presents our conclusions.
OBSERVATIONS AND DATA REDUCTION
The HD 32297 disk was observed in a single pointing with ALMA Band 8 receivers on May 22, 2018 , during ALMA Cycle 5 (project ID 2017 . An array of 47 antennas arranged in a compact configuration was employed, with baselines ranging from 15 to 314 m. The total integration time was 45 min (with 18 min on HD 32297) and the median precipitable water vapor (pwv) was 0.6 mm.
The spectral setup consisted of three spectral windows centered at 480, 482 and 494 GHz, each with a bandwidth of 2 GHz and 128 channels to observe the dust continuum. The fourth spectral window was covering the C I 3 P 1 -3 P 0 line at 492.16 GHz, with 1920 channels, a channel spacing of 488 kHz (0.30 km s −1 ) and an effective spectral resolution 2 of 0.34 km s −1 (spectral averaging factor N = 2).
1 Torres et al. (2006) determined the spectral type to be A0, but this was found too hot by several subsequent papers.
2 see ALMA Cycle 6 Technical Handbook, The data were calibrated by the ALMA Science Pipeline within the Common Astronomy Software Applications package (CASA) 5.1.1 (McMullin et al. 2007 ). J0522-3627 (bandpass, flux) and J0505+0459 (phase) were observed as calibration sources.
For further processing of the calibrated visibilities, we used CASA 5.3.0. We used the task uvcontsub to subtract the continuum emission from the spectral window covering the C I line (the line was masked for the continuum fit). We produced an image cube by employing the CLEAN algorithm with the task tclean and natural weighting. The synthesized beam is 0.72 × 0.65 (96 au × 86 au) with a position angle of 67
• . The achieved noise level (measured by taking the standard deviation of a sample of data points in a region of the cube without line emission) is 1.6 × 10 −17 W m −2 Hz −1 sr −1 (21 mJy beam −1 ). Figure 1 (left) shows the moment 0 map of the C I line, produced by integrating the data cube over the (barycentric) velocities of 15.5-25.5 km s −1 . We also produced a continuum map (Fig. 1, right) by imaging all spectral windows combined (with the C I line masked) using the tclean task with natural weighting. The synthesized beam is 0.73 × 0.66 (97 au × 88 au) with a position angle of 66
• . The noise level (again measured as the standard deviation in an emission-free region) is 2.0 × 10 −19 W m −2 Hz −1 sr −1 (0.25 mJy beam −1 ). The primary beam 3 at 492 GHz has a full width at half maximum (FWHM) of ∼12 . This is significantly larger than the extent of the disk, so we do not apply a primary beam correction. Given our shortes baseline, the maximum recoverable scale 4 of our observations is ∼5 , i.e. larger than the disk's extent. Thus, no significant amount of flux should have been filtered out by the interferometer.
DATA ANALYSIS AND RESULTS

Total C I and continuum emission
We measure the total C I and continuum emission using figure 1 by integrating all emission above 3σ. To estimate the error, we collect flux samples by shifting the integration region to parts of the image where no emission is seen. We adopt the standard deviation of the flux samples as our error estimate. This procedure yields a total 492 GHz C I flux of (4.0 ± 0.2) × 10 −20 W m −2 and a total 487 GHz (616 µm) continuum flux of (2.20 ± 0.06) × 10 −28 W m −2 Hz −1 (22.0 ± 0.6 mJy). Adding previous continuum measurements from Herschel /SPIRE 5 at 350 and 500 µm and ALMA at 1.3 mm (MacGregor et al. 2018) , we derive a sub-millimeter spectral index of 2.4. The value is comparable to the millimeter specral indices determined for a sample of debris disks by MacGregor et al. (2016) .
Position-velocity diagram
3 see ALMA Cycle 6 Technical Handbook, section 3.2 4 see ALMA Cycle 6 Technical Handbook, section 3.6 5 European Space Agency, 2017, Herschel SPIRE Point Source Catalogue, Version 1.0. https://doi.org/10.5270/esa-6gfkpzh Figure 2 . Position-velocity diagram of the C I emission. The x coordinate runs along the major axis of the disk. Contours are drawn at intervals of 3σ. The spectro-spatial resolution is illustrated in the lower left by the white rectangle. The dashed curves show the tangential velocity for gas at projected distance x from the star, assuming a stellar mass of 1.7 M and an inclination of 83.6
• . Figure 2 shows the position-velocity (pv) diagram of the C I emission. We used the position angle measured in Appendix A to rotate the data cube in order to align the midplane of the disk with the horizontal direction. The rotated data cube is then integrated from −0.6 to 0.7 in the vertical direction z, where z = 0 denotes the midplane. Analog to the pv diagram for CO by MacGregor et al. (2018) , we also plot the Keplerian velocity curve, i.e. the extremum radial velocity that can be reached at projected distance x from the star, assuming the same parameters as MacGregor et al. (2018) : a stellar mass of 1.7 M and an inclination of 83.6
• . These curves do not go through the peak locations, similar to what is seen for CO. However, contrary to MacGregor et al. (2018) , we argue in Appendix B that this does not imply sub-Keplerian rotation.
Modeling of the C I emission
No obvious asymmetries are visible in either the line or the continuum image. We proceed to constrain the spatial distribution and mass of neutral carbon by fitting models to the C I data cube. For a given model, specified by the spatial distribution of the gas and the temperature profile, we first calculate the gas emission and level population in each cell of a three-dimensional grid by assuming local thermodynamic equilibrium (LTE). The LTE assumption is justified in Appendix C. We use atomic data from the Leiden Atomic and Molecular Database (LAMDA, Schöier et al. 2005) . The line profile is assumed to be Gaussian with a broadening parameter of 1 km s −1 . The emission is red-or blue-shifted according to the radial velocity (due to Keplerian rotation) of each grid cell. Then, the model is ray-traced as described in Cataldi et al. (2014) to account for optical depth. The resulting model cube is convolved in the spatial and spectral dimension to match the resolution of the data, and finally multiplied by the primary beam.
Short of a detailed heating-cooling analysis, we simply assume that the gas kinetic temperature behaves similarly as the local blackbody and varies with radial distance r as T (r) = T 100 (100 au)/r, where T 100 is a normalization constant obtained from the fit. The gas vertical scale height is given by (e.g. Armitage 2009 )
where k is the Boltzmann constant, µ the mean molecular weight, m p the proton mass, G the gravitational constant and M * the stellar mass. We assume µ = 14 (gas mass dominated by carbon and oxygen, Kral et al. 2017) , although µ might be higher since the CO mass in HD 32297 is large. The assumptions on the temperature and molecular weight should introduce only minor errors into our results. We follow Kral et al. (2018) and consider a Gaussian surface density profile:
where Σ 0 is the surface density at r = r 0 and σ r describes the radial width of the ring. The number density is given by
where z is the distance from the mid-plane and m the mass of one particle. We use a Markov chain Monte Carlo (MCMC) method implemented by the emcee package (version 2.2.1, ForemanMackey et al. 2013 ) to fit the model to our data (in the image space). The correlated noise in the ALMA data is handled as described by Booth et al. (2017) . The following parameters are free to vary: the disk inclination i, the stellar mass M * , the stellar radial velocity v * , the ring location r 0 , the ring width σ r , the total mass of neutral carbon M C 0 and the temperature normalisation T 100 . In addition, we also fit for astrometric offsets of the disk center, ∆x and ∆z, which are parallel and perpendicular to the mid-plane respectively. For each parameter θ, we assume uninformative priors, either with a location invariant density (π(θ) ∝ 1) or a scale invariant density (π(θ) ∝ θ −1 ), over the range given in Table 1 . The position angle is fixed to the value of 48.5
• as determined in Appendix A. The MCMC is run for 1500 steps with 200 walkers. We discarded the first 200 samples of each walker. Table 1 shows derived parameters (50th percentile) together with error bars (16th and 84th percentile). Figure 3 shows the posterior distribution of selected parameters. We note that the temperature is not well constrained by our data. This reflects the fact that the fractional population of the transition's upper level peaks at ∼30 K and then stays approximately constant for higher temperatures. The relation between the mass and the temperature is governed by the level population, as expected for an optically thin gas. The derived inclination of 77.9
•+1.7 −1.5 is lower than previously derived values from dust observations with ALMA (83.6
•+4.6 −0.4 , MacGregor et al. 2018) or from scatter light (∼88
• , Boccaletti et al. 2012; Currie et al. 2012) . The origin of this discrepancy is unclear, but one possibility is an asymmetry in the disk that our model does not account for. We run an additional MCMC simulation with a fixed inclination of 88
• and verified that the results for the other parameters do not change. In Fig. 4 , we present the fit with the highest posterior probability in our chain. No strong residuals are left, indicating that our model is a good representation of the true gas distribution. This model has a peak optical depth of 0.2 along the line of sight.
Thus, the C 0 gas is distributed in a ring centered at ∼110 au with a FWHM of ∼80 au. In Appendix D, we also explore fitting the data using power-law models, to accommodate the possibility that the gas has spread into a broad disk. Our results there confirm that the gas is indeed distributed in a ring-like geometry. In Appendix E, we use a simple ionisation calculation to confirm that our model is consistent with the C II emission measured by Donaldson et al. (2013) .
THE EVENT TIME
With the observations of CO (MacGregor et al. 2018; Moór et al. 2019 ) and carbon (this work) at hand, we can now trace the history of gas production, the main motivation for this study. In the simplest story, two parameters describe this history: the event time, when gas production began, and the gas production rate. The latter mostly refers to CO production, as secondary gases other than CO are currently undetectable. The value for the event time can be compared with the system age to infer something about the origin of the debris disk, and the CO production rate can be compared with the dust production rate to understand the composition of the planetesimals.
In the following, we first present simple order-of-magnitude estimates for the event time, before turning to a more detailed time-evolution model that confirms the simple estimates. 
Simple estimates
As CO is produced by colliding solids in the debris disk, it is rapidly photo-dissociated into carbon and oxygen by the interstellar radiation field, with a mass destruction rate of D CO . Shielding by carbon photo-ionization can remove some of the same photons and reduces this rate. CO self-shielding, on the other hand, does not affect this calculation as some CO is still being destroyed. Meanwhile, the C mass that we measure (M C ) is a result of CO destruction integrated over the event time t 0 , where t 0 = M C /Ṁ C andṀ C is the mass production rate of carbon. Short of any other sink or source for carbon,Ṁ C = (12/28)D CO , where the numerical pre-factor accounts for the difference in molecular weights.
So a lower limit to the event time can be produced by assuming that CO is not shielded by other molecules, corresponding to the maximum C production rate. Thus, let us assume that the CO gas above a column density of N ∼ 10 16 cm −2 will experience the ISRF unabated (this column density corresponds to a factor 10 reduction of the photodissociation rate due to self-shielding, Visser et al. 2009 ). Thus, we assume that the CO in the two surface layers of the disk with column density N will have a lifetime of 240 yr, i.e. twice 6 that in the interstellar environment (Visser et al. 2009 ). For an annulus of width ∆r = 80 au and at radius r 0 = 110 au (see Table 1 ), this implies a (maximum) CO destruction rate of D max CO = 2πr 0 ∆r(2N )m CO /(240yr) ∼ 8 M ⊕ /Myr (where m CO is the mass of a CO molecule). So to accumulate the observed C 0 mass of M C 0 ≈ 3.5 × 10 −3 M ⊕ (the Gaussian ring model, Table 1 ) will require
Accounting for ionized carbon will increase this estimate slightly. An opposite limit, where we assume that all CO is sandwiched between two carbon layers and is thus maximally protected from photo-dissociation, yields an upper limit to the event time. In this case, carbon photo-ionization, with a cross-section in the 900-1100Å range of σ C = 1.6 × 10 −17 cm 2 (Rollins & Rawlings 2012) , maximally reduces the ISRF photon intensity for CO by a factor e −σCNC/2 (with N C the total column density of neutral C). The maximum event time is t max 0
where we used a neutral carbon mass of 4.0×10 −3 M ⊕ (99th percentile of the Gaussian ring fit) and assumed ∆r = 40 au (as observed for the dust plantesimal belt, MacGregor et al. 2018 ) and an ionisation fraction of f = 0.5 to further maximise the timescale. Both these timescales are much shorter compared to the system age (15-30 Myr), a direct result of the very small carbon mass ALMA detected around HD 32297. Our estimates here do not depend on the CO mass, as long as the CO is optically thick to dissociating radiation, which is the case. However, they do scale inversely with the ISRF intensity.
Time Evolution Model
Here, we present a simple model to capture the time evolution of CO and carbon. Our model is similar in spirit to that in Kral et al. (2018) ; Moór et al. (2019) , but differs (substantially) in our treatment of shielding. We consider only one radial zone of well-mixed gases and discard the effect of gas removal by viscous spreading (as is justified here, see section 5.3).
The CO mass evolves as
where P CO is the CO production rate by the debris ring and D CO the CO photo-destruction rate. The CO is produced in a collisional cascade among the debris created during the event. Intuitively, we might expect some time dependence of P CO such as a gradual decrease. However, short of a model describing this time evolution, we here assume, for simplicity, a constant CO production rate. The carbon mass rises with time at a ratė
Here, we obtain the photo-dissociation rate D CO using photon counting. The probability that a given photon interacts with either C or CO is given by
where the two vertical optical depths, τ CO (ν) = N CO σ CO (ν) and τ C = N C σ C , with N being the column density and is related to the gas mass as N = M/Area/m. Here the annulus has an area, Area = 2πr 0 × ∆r, and m is the respective molecular mass. The cross-section σ CO (ν) for CO photo-dissociation is obtained from the database for the 'Photodissociation and photoionization of astrophysically relevant molecules' 7 (hereafter PPARM), while the cross section σ C for carbon photo-ionization is assumed constant, σ C = 1.6 × 10 −17 cm 2 (Rollins & Rawlings 2012 ). Under our assumption of perfect mixing, only a fraction of these photons will be dissociating CO,
where n denotes number density. Let φ ν be the number of ISRF photons hitting the disk per unit time, per unit frequency, per unit area (taken from Draine 1978) . The photo-destruction mass rate for CO is
where m CO is the mass of a CO molecule.
An alternative derivation, considering the vertical variations of optical depth, obtains the same result. Let a CO molecule be located at a depth z. The probability that a given photon will survive to the depth z is exp(−τ tot (z)). Thus, the probability that this ISRF photon will destroy this particular CO molecule, is
To get the probability that the photon destroys any of the CO molecules in the disk, we have to sum over all CO molecules:
Using τ tot (z) = z(n C σ C + n CO σ CO ), this expression is easily evaluated to be (1 − exp(−τ tot ))τ CO /τ tot , from which equation 10, which integrates over all available photons, follows. Figure 5 shows three numerical examples of our model evolution for different rates of CO production. For these models, we fixed r 0 = 110 au and ∆r = 80 au and assumed a constant ionisation fraction of 0.1. We find that, once shielding is active, both C and CO rise linearly and the C/CO ratio remains constant. When CO production rate is low, C shielding is necessary before CO can survive rapid destruction. This explains the initial delay in its mass rise. Later on, both masses grows linearly, with a fixed fraction of the freshly made CO being turned into C. The ratio of C/CO is below unity. In comparison, in the model with the highest CO production rate, even from the very beginning, CO self-shielding is already significant. We still observe a linear growth in both masses, but the C/CO mass ratio is consistently below unity. Viscous spreading will alter the C/CO ratio at late times, as a more spread-out disk becomes increasingly more vulnerable to photo-destruction.
The Kral et al. (2018) model has a different approach to calculate CO destruction rate and we argue that they under-estimated C production in the shielded regime. They assumed that
where χ 0 is the unshielded ISRF photodissociation rate and S(N CO ) is the reduction on χ 0 due to CO self-shielding under a column density N CO (Visser et al. 2009 ). However, this is the dissociation rate if all CO lies behind the full column densities of C and CO. Such a model ignores the CO dissociation in the shielding layer and over-estimates the effect of shielding. In the Kral et al. (2018) model, the CO destruction, and in association, C production, is strongly suppressed once the C and CO masses are sufficiently high, while we find that both masses rise linearly even after shielding becomes important.
Applying to HD 32297
Here, we apply our above model to the specific case of HD 32297, in order to infer its history of secondary gas production.
The dust belt is observed to have a width of ∼40 au (MacGregor et al. 2018) , where for simplicity we ignore the additional halo component inferred by these authors. Thus, the C gas around HD 32297 is observed to be mildly more spread out. We account for spreading in our 0D model in the following crude fashion. At a given time t after time zero, we let the gas ring width increase as ∆r(t) = ∆r 0 (1 + t/t 0 ), such that by now (t = t 0 ), the gas ring is about twice wider than the dust ring (as is the case for the model in section 3.3)
8 . We evolve a grid of models with different event times (t 0 ) and CO production rates (P CO ) and attempt to reproduce the observed masses of C and CO. In reality, since the 12 CO line (and that of 13 CO) is optically thick (Moór et al. 2019) , only the mass of C 18 O is well measured. So we extend our model to also include the evolution of the 13 CO and C 18 O masses. We assume that their production rates are related to that of the 12 CO by the typical ISM ratios for isotopologue: f 13 = 13 CO/ 12 CO = 1.3 × 10 −2 and f 18 = C 18 O/ 12 CO = 1.8 × 10 −3 (Wilson & Rood 1994) . Unfortunately, photodissociation cross sections for 13 CO and C 18 O are not available in the PPARM database. Therefore, we use a prescription similar to the Kral et al. (2018) model to evolve the masses of these isotopologues: M X = f X ×Ṁ CO − M X /t pdX where X is 13 or 18 and stands for the different isotopologues and t pdX is the mean photodissociation lifetime, which we calculate as described in Appendix H. Due to their low abundance, the isotopologues Figure 5 . Evolution of the CO and C 0 mass for different CO production rates. This latter rate rises from the left to the right. The horizontal lines indicate the masses at which C 0 shielding (dash-dotted) or CO self-shielding (dotted) become significant, i.e. the dissociation rate in the midplane is reduced by a factor 0.3. In all models, once shielding becomes significant, both masses rise linearly with time, and the mass ratio of C/CO remains constant. These models assume r0 = 110 au, ∆r=80 au and an ionisation fraction of 0.1.
contribute negligibly to C production. Therefore, despite using a formulation similar to Kral et al. (2018) , we will not underestimate C production. Because of the different treatment of the isotopologues, their ratio to 12 CO predicted by the model should be interpreted with care. Figure 6 illustrates how our model is used to determine the gas production history. With only a measurement for either the C 18 O mass or the C 0 mass, we are not able to uniquely determine the CO production rate and event time, but only the product of the two. The addition of C 0 mass, the result of this study, however, allows us to break the degeneracy. We find that only the combination of a high CO production rate and a recent event can explain the data. For the ISRF value that we adopt, we findṀ CO ≈ 40 M ⊕ Myr −1 and t 0 ≈ 3000 yr. Satisfactorily, this value falls between the estimated upper and lower limits as presented in section 4.
Such a high production rate is expected from the observed C/CO mass ratio. With an estimated CO mass of Moór et al. 2019) , and a C 0 mass of ∼ 0.004M ⊕ , the C/CO ratio is much below unity. Based on our discussion above (and Fig. 5 ), this is achievable only for high CO production rate. In such a model, shielding by C is secondary at all times, compared to the self-shielding by CO. This is further illustrated by Fig. 7 where we compare the evolution of two models (marked by white stars in Fig. 6 ). The left panel, our preferred model, successfully reproduces the observed masses of C 18 O and C 0 . In comparison, the model in the right panel in which the CO production rate is much lower and the event time approaches 1 Myr over-predicts the C mass by two orders of magnitude.
In contrast, Moór et al. (2019) find that the observed C 18 O mass can be reproduced by an old event (comparable to system age) with a low CO production rate of P CO ≈ 3.6 × 10 −2 M ⊕ Myr −1 . This model, however, over-predicts the C 0 mass by a factor 10, despite the fact that their model seems to underestimate the C production rate (section 18 O mass, while the vertical yellow lines mark the minimum and maximum timescales estimated in section 4.1. The two white stars mark models for which the gas evolution is exhibited in Fig. 7. 4.2). Their model also requires an anomalously low viscous parameter (α ≤ 10 −4 ) to explain the absence of spreading of the secondary gas over such a long timescale.
Our model does have one glaring problem. Our inferred CO production rate exceeds the total dust mass loss rate of 5.2 M ⊕ Myr −1 , as estimated in Moór et al. (2019) . Measurements of comet outgassing suggest that CO (together with CO 2 ) makes up some 10% of the comet mass (see review by Huebner 2002) . So one expects a CO production rate some 100 times below what we obtain above. Uncertainties on the value of dust grind-down rate can be up to a factor of 10 (Kral et al. 2018 ) and can accommodate part of this discrepancy. But there is likely another source of error or uncertainty. In section 5, we consider a range of factors and suggest that the value of ISRF is the most suspicious. If the value of ISRF is lower by a factor of 10, all timescales will increase by 10 and the CO production rate will take more sensible values. Such a reduction of the ISRF value will also alleviate a related problem. Currently, the mild spreading of CO and C gas over the short event time requires a high viscous parameter α ∼ 1 (eq. 14). If ISRF is indeed lower by a factor of 10, the required α will be 0.1, comparable to results of MRI simulations (Kral & Latter 2016) .
DISCUSSIONS
In this section, we discuss various scenarios that could change the gas production timescale we calculate above, before turning to discuss the implications of our results. The short event time that we inferred is based on the limited amount of carbon that ALMA detected. Thus, the question about the robustness of this C mass estimate arises. Could it be that the small error bars (see Table 1 ) derived from the MCMC modelling are underestimating the real uncertainty? One scenario that could increase the C mass is a low kinetic temperature. This could lead to high optical depth, allowing for arbitrarily high C mass in principle. To investigate this possibility, we ran another MCMC for the Gaussian ring model where we forced T 100 < 15 K and fixed the parameters i, M * , v * , ∆x and ∆z to their 50th percentile value as listed in Table 1 . The 99th percentile of the C 0 mass distribution derived from this additional MCMC is 0.01 M ⊕ , only a factor ∼3 larger than the 50th percentile from our original MCMC. Using this mass, we derive t min 0 ∼ 3000 yr and t max 0 ∼ 3 × 10 5 yr (with the method described in section 4.1), still significantly shorter than the system's age. Furthermore, an argument against a low temperature comes from the observed C II flux (Donaldson et al. 2013) : in Appendix F, we derive a lower limit on the kinetic temperature of 28 K. Of course, in principle we cannot exclude that the observed C I and C II emission arise from relatively high temperature regions, and that more mass is hiding in low temperature regions.
Uncertainties in the C mass
Additional shielding
Another possibility to increase the event time is additional shielding of CO, as this would reduce the C production rate. We have scanned through the PPARM database, but find no other promising molecules or atoms that have the required high cross-section at the relevant wavelengths. Carbon appears to be the only candidate, agreeing with the proposal by Kral et al. (2018) .
Removal of gas by accretion or planets
In our analysis, we assume that the carbon we see today is all the carbon that has ever been produced, i.e. no C is removed from the system. If this is not the case, then the event timescale could be arbitrarily long. Here, we discuss removal by accretion onto the central star or to planets.
Any gas with sufficient ionization is expected to experience magneto-rotational instability and to viscously spread over time, eventually forming an accretion disk (e.g. Kral & Latter 2016) . However, our modeling of the C I emission (section 3.3) suggests that the gas is distributed in a ring that is only mildly broader than the dust ring, indicating that there is insignificant radial spreading around HD 32297. This is also consistent with the scenario of short event time-assuming an MRI α parameter of 0.01, one expects the time to double the radial width ∆r to be of order
In other words, in our scenario, there is no need to invoke an artificially low α to explain the ring structures in CO and carbon, contrary to the conclusion in Moór et al. (2019) . Is it possible that an accretion disk is present, but carbon is largely ionised in the inner regions and thus eludes detection by ALMA? Given that the ISRF dominates the ionisation of C (Appendix G) except in close vicinity to the star (r 12 au), the inner region is expected to actually be more neutral in an accretion disk, thanks to the higher recombination rate in that denser part.
Another possibility is that one or several planets inward of the dust belt accrete gas and prevent the formation of an accretion disk. For example, Lubow & D'Angelo (2006) found that an accreting Jupiter-class planet reduces the inflow rate of gas by 75-90%. So far, direct imaging searches for giant planets around HD 32297 have remained unsuccessful. The edge-on geometry of the disk makes such searches challenging, resulting in relatively weak upper limits: Boccaletti et al. (2012) report a detection limit of ∼10 M Jupiter at a projected separation of 110 au, while Rodigas et al. (2014) rule out planets more massive than 8 M Jupiter at projected separations beyond 56 au.
Recondensation onto dust grains
We calculated the recondensation rate of C gas onto dust grains based on the C vapour pressure (Grigorieva et al. 2007 , section 3.1.2). The time needed to recondensate the observed C mass is longer than the age of the system, making this process irrelevant.
We also investigate the possibility of carbon condensation into solid form. The low-temperature phase diagram of carbon (see e.g. Jaworski et al. 2016) shows that the vapour pressure at the relevant temperature range is orders of magnitude below the gas pressure in the disk. So condensation should happen if seed nuclei are present.
9 Such nuclei (graphite or hydro-carbons) are expected to absorb or scatter UV lights with large cross sections, providing another potential source for CO shielding. Unfortunately, such nuclei experience strong radiation pressure (see Weingartner & Draine 2001 , for particles as small as 10Å) and are blown out in a dynamical timescale. How much carbon can they scrub out of the disk, if we imagine an unknown source that releases such seed nuclei at the inner edge of the disk, and that, as these nuclei fly apart from the star, absorb every carbon that hit upon their web? Taking the original nuclei to be one mono-layer in thickness, all carbon can be scrubbed out in one orbit if the production rate of such nuclei is ∼0.01 M ⊕ /Myr. So this scenario remains a possibility, but we are at present unable to ascertain.
Chemical removal of C
We now consider whether carbon can be removed by chemical reactions. Consulting the chemical network and reaction rates relevant for proto-planetary disks, as compiled by Glover et al. (2010) , we find that the most probable pathway for carbon removal is the following reaction 10 OH + C → CO + H (15) with a reaction rate of k = 10 −10 cm 3 s −1 . This yields a global carbon mass removal rate equal to k n OH M C , where n OH is the number density of OH. For this to suppress the observed carbon mass (∼ 0.004M ⊕ ), while it is continuously delivered by CO photo-dissociation with a rate of 18/28D CO ∼ 1 M ⊕ /Myr (calculated from equations 7 and 10), will require a number density of n OH 0.1cm
The OH molecule is likely the result of water photo-dissociation and is itself vulnerable to photo-dissociation, with an ISRF rate of D ISRF OH = 3.8 × 10 −10 s −1 (PPARM). However, the central A-type star enhances this rate by orders of magnitude. Adopting the ATLAS9 model of HD 32297 described in Appendix G, at 100 au, we obtain a destruction rate of D * OH = 5.5 × 10 −7 s −1 , corresponding to a lifetime of 21 days. For a given water production rateṀ H2O , the total OH mass in the system, M OH , is limited by its short lifetime,
Taking the OH destruction rate to be the above unshielded value 11 , and adopting a ring of width ∆r = 40 au and height H = 6 au, we find that the number density for OH is
So carbon removal is possible as long as the water production rate is high. However, in this scenario where CO is continuously reproduced from C, the CO mass itself becomes a measure of the event time: t 0 = M CO /P CO . For an event time comparable to the system age, say t 0 >1 Myr, we need P CO < 7.4 × 10 −2 M ⊕ /Myr (for the CO mass determined by Moór et al. (2019) ). This would imply a CO/H 2 O abundance ratio of 9 × 10 −3 , which seems unlikely given that solar system comets show CO/H 2 O ratios of 0.04-0.3 (Mumma & Charnley 2011 ).
Strength of the ISRF
Finally, we consider the possibility of a different interstellar radiation field strength. Our knowledge on the strength of UV ISRF field, in particular over the narrow wavelength ranges that cause CO photo-dissociation, is limited-very few direct observations exist (e.g. Henry 2002 ). There may also be some spatial variations caused by proximity to massive stars (e.g. van Dishoeck 1994). As a result, it is likely that the ISRF field can deviate from the canonical value. For our object, if the ISRF was weaker by a factor 10 than our adopted value, CO will be broken down to carbon more slowly and we would derive a ten times longer event timescale, i.e. t ∼ 10 5 yr. Such a lengthened timescale is preferable for a number of reasons. First, this would explain the slight broadening of gas over dust over the viscous timescale (equation 14); second, this would lower the CO production rate, putting it more inline with the dust rate; third, the longer event time also places a less stringent constraint on any origin theory (see section below); fourth, this will reduce the requisite viscous parameter from 1 to 0.1, more consistent with MRI simulations. We checked that a reduction of the ISRF by a factor 10 would still produce enough ionised carbon to be roughly consistent with the observed C II flux (see Appendix E).
On the other extreme, can ISRF be so weak that we again arrive at an event time of order the system age? This would require a reduction of 1000 from the canonical value. This seems hard to fathom, but if true, would impact photo-chemistry of molecular clouds dramatically.
Gaseous debris disks: recent events or steady state?
Even downward adjusting the ISRF rate by a factor of 10, we are still left with a short event time of t 0 ∼ 10 5 yrs. Why should gas production, and in association, the production of debris dust, start such a short while ago? This result runs against conventional wisdom that debris disks are in a steady state, with planetesimals left from the epoch of planet formation continuing to collide and grind down each other, for as long as the age of the star.
HD 32297 is not the first gaseous debris disk where C I observations suggest a recent event as the origin of the observed gas. Cataldi et al. (2018) reached a similar conclusion for the β Pic debris disk. In the β Pic system, the 12 CO emission is optically thin and the CO mass can be directly measured (Matrà et al. 2017b ). It turns out that β Pic has at least three orders of magnitude less CO than HD 32297, while a similar carbon mass (Cataldi et al. 2018) . The low C and CO masses (i.e. no shielding) mean that the CO destruction rate by photo-dissociation at equilibrium is equal to the CO production rate: 0.7 M ⊕ Myr −1 (Cataldi et al. 2018) . The corresponding C production rate means that the measured C mass can be built up in 10 4 yr, i.e. a similar timescale to that inferred in the present work for HD 32297. The lower CO production rate in β Pic is qualitatively well described by the model in the left most panel in Fig. 5 , and this explains its high C/CO mass ratio.
Besides β Pic and HD 32297, there are currently two other debris disks with resolved CO and C I observations: HD 131835 and 49 Ceti. Let us apply the simple estimate of the gas production timescale described in section 4.1 to these disks as well. For HD 131835, Kral et al. (2018) derived r 0 = 90 au, ∆r = 70 au and a C 0 mass between 2.7 × 10 −3 M ⊕ and 1.2 × 10 −2 M ⊕ . We derive the following lower and an upper limit to the event time: t min 0
≈ 1000 yr and t max 0 ≈ 2.7 × 10 4 yr, again much shorter than the system's age. This contrasts with the results of Kral et al. (2018) who found that secondary gas production over a timescale of 10 Myr re-produces the right amount of C and CO. The reason is likely a combination of two factors. First, the Kral et al. (2018) model includes gas removal by accretion onto the star. Indeed, the spatial distribution of the gas in the inner region is uncertain. Kral et al. (2018) could not exclude that an accretion disk already formed. Second, as mentioned previously, the Kral et al. (2018) model seems to underestimate C production from CO photodissociation in the shielded disk regime (see also section 4.2).
For 49 Ceti, roughly estimating r = 90 au and ∆r = 40 au from the double power law model of the dust distribution by Hughes et al. (2017) , and taking M C 0 = 3 × 10 −3 M ⊕ (assuming optically thin emission, A. Higuchi, private communication) we find t min 0 ≈ 2000 yr and t max 0 ≈ 2.2 × 10 4 yr. Hughes et al. (2017) found that the CO observations are well described by a model where the surface density increases with radius between ∼20 and ∼220 au, suggesting that an accretion disk is unlikely.
Thus, among the four gaseous debris disks with resolved C I observations, two (β Pic, HD 32297) clearly require a recent onset of gas production, one (49 Ceti) requires a recent onset with reservation (the C mass could be higher if the emission is optically thick and additional modeling might be necessary to confirm that no gas has been removed by accretion), while for one (HD 131835) the situation is at present unclear.
To explain the presence of bright debris disks around A-type stars, and to be consistent with the short event times, whatever events that produce the dust/gas disks must occur frequently, to ensure a high enough duty cycle. If, say, each event lasts 10 6 yr before the dust disk dims and the gas disk disperses, such events must occur with a frequency of once every several Myr. What could have caused such recent events? One possibility are debris created during a tidal disruption (Cataldi et al. 2018) , the other is planet-planet catastrophic collisions (Jackson et al. 2014) . However, at the moment, it is neither clear how high these rates are, nor how the resultant debris disks look like. Further modelling is required.
CONCLUSIONS
Our main conclusions can be summarized as follows:
1. We detect and resolve C I emission at 492 GHz from the HD 32297 debris disk using ALMA Band 8.
2. The spatial distribution of neutral carbon can be modelled by a Gaussian ring surface density profile centered at 110 au with a FWHM of 80 au. A double power law model can also fit the data satisfactorily. The mass of neutral carbon is (3.5 ± 0.2) × 10 −3 M ⊕ .
3. The observed C mass can be produced by CO photodissociation within less than 10 4 yr, which is much shorter than the system's age. This suggests that gas production in this system is due to a recent event. As a consequence, the dusty debris disk, out of which CO is produced, should also be produced recently.
4. Uncertainty in the interstellar radiation field may increase this time somewhat, but unlikely to make it compatible with the system age.Another uncertain possibility to extend the event time beyond the above value is condensation of carbon atoms on very small seed nuclei (graphite or PAH).
5. By considering a secondary gas evolution model, we find that the C 18 O mass reported by Moór et al. (2019) and our measurement of the C 0 mass can only be simultaneously reproduced if the CO production rate is very high and gas production started recently.
6. Among the four debris disks with resolved C I observations, two (β Pic and HD 32297) require a recent onset of gas production, while two (HD 131835 and 49 Ceti) require further investigation, but are currently at least consistent with a recent onset. The mechanism to produce such a catastrophic event is currently unknown.
We acknowledge useful discussions with Nami Sakai, Satoshi Yamamoto, Per Calissendorff, Misato Fukagawa, Takashi Tsukagoshi The position angle (PA) of the HD 32297 disk was measured from ALMA Band 6 data by MacGregor et al. (2018) . They found 47.9
• ± 0.2 • , consistent with measurements from scattered light observations (e.g. Asensio- Torres et al. 2016) . We measure the PA from our continuum image (Fig. 1, right) . For a given trial PA φ, we first rotate the disk by an angle π − φ to align it with the horizontal axis. Then, we use three different methods to grade the trial PA:
1. We consider the flux inside a 2 × 0.4 box (this is slightly smaller than the extent of the disk) centered at the stellar position. We search for the PA that maximizes the flux.
2. We follow Asensio- Torres et al. (2016) and mirror the rotated image along the vertical axis. Then, the mirror image is subtracted from the rotated image to get a residual image. We search for the PA φ that minimizes the residuals.
3. We follow Matrà et al. (2017b) and fit a Gaussian to each vertical row of pixels in the rotated image. The centers of the Gaussians define the spine of the disk. We perform a linear fit to the spine. We search for the PA that produces a linear fit to the spine with a slope closest to zero.
We consider trial PAs between 43
• and 53
• with steps of 0.2 • , giving us an estimate of the PA for each of the three methods. In order to estimate errors, we employ a Monte Carlo method and resample the data 1000 times by adding noise to our image and repeating the fit (e.g. Andrae 2010). The noise in our image is correlated. We extend the method described in Appendix A of Cataldi et al. (2014) to two dimensions to produce synthetic correlated noise that can be added to our image. We find PA values of 49.2
• ± 1.0
• for each of the above methods respectively. Taking the mean and combining the errors quadratically yields a final estimate of 48.5
• ± 0.6 • , consistent with the value derived by MacGregor et al. (2018) . We repeat the analysis for the C I moment 0 map (Fig. 1, left) and find values consistent with the PA estimated from the continuum.
B. NO EVIDENCE FOR SUB-KEPLERIAN ROTATION
In an edge-on disk, a given projected distance from the star traces gas with very different radial velocities projected on the line of sight. For circular Keplerian motion, the extreme velocity will come from gas where the actual distance from the gas to the star equals the projected distance. This represents the tangential velocity curve plotted in Fig. 2 . This means that all observed gas must be at or within these lines. Any violation must be due to limited resolution and line broadening.
For disks that are not edge-on, the same argument applies, except that there is an inclination also and the amount of gas at different radial velocities seen by a line of sight depends on the spatial resolution. MacGregor et al. (2018) argued that the CO gas around HD 32297 is orbiting with sub-Keplerian velocity in order to explain why the tangential velocity curve does not go through the peak locations in the pv diagram. However, as we just argued, there is actually no reason to expect the curve to go through the peak of the pv diagram; instead, the curve should trace the boundaries of the emission, as is indeed observed in Fig. 2 . In addition, our fits of the dynamical stellar mass (Table 1) are consistent with standard Keplerian rotation, given the expected stellar mass of ∼1.7 M (MacGregor et al. 2018) . We conclude that there is no evidence for sub-Keplerian rotation.
C. JUSTIFICATION OF THE LTE ASSUMPTION
Our gas emission models presented in section 3.3 assume LTE. This significantly reduces the time to calculate the emission from a given model, allowing us to compute a large number of models to explore the parameter space with an MCMC method. To test whether the LTE approximation is valid, we compute the full radiative transfer in the non-LTE regime using the LIME code (Brinch & Hogerheijde 2010) for the Gaussian ring model shown in Fig. 4 . We only consider electrons as colliders. Additional colliders such as hydrogen (e.g. produced from water photodissociation) would further help to establish LTE. We assume that C ionisation is the only electron source. The ionisation is calculated as described in Appendix E. Excitation by background radiation is neglected, as it was found by Cataldi et al. (2018) to be unimportant. We find that the total flux calculated in LTE is a factor 1.3 higher compared to the LIME flux. Kral et al. (2018) also found that the C I emission from HD 131835 debris disk is in LTE.
D. POWER LAW MODELS D.1. Double power law
We also fit the double power law proposed by Kral et al. (2018) to our data. The surface density is given by
The fitted parameters remain the same as for the Gaussian ring, except that σ r is replaced by β in and β out . Table 1 lists the derived parameter values. Figures 8 and 9 show the posterior distribution of selected parameters and the fit with the highest posterior probability, respectively. From the posterior probability distribution we find that the parameter β in > 1 at the 81% confidence level, suggesting that the inner region is devoid of gas, as seen for the Gaussian ring fit. The parameter β out is strongly negative, implying a sharp cutoff of the gas density at r 0 .
D.2. Truncated double power law
In order to further test the inner extend of the disk, we fit a third model that has the same surface density as the double power law of the previous section, except that no gas is present inside of a minimum radius r min . Also, since r min and β in > 0 have a similar effect, we force β in to be negative. We find that r min > 60 au at the 95% confidence level, giving further confidence that the gas is distributed in a ring-like geometry.
E. COMPARISON TO C II DATA Donaldson et al. (2013) detected C II 158 µm emission towards HD 32297. We check whether our C 0 models are consistent with this measurement. For a given model describing the distribution of neutral carbon, we calculate the ionisation in every grid cell of the model. For simplicity, we assume that the gas is optically thin to ionising radiation. This assumption is justified, because the ISRF is the dominating source of ionising photons (section G) and the typical vertical optical depth of our models to ionising radiation is only ∼1. Note however that, although neglected here, the optical depth of C 0 to ionising radiation is important when considering the shielding of CO (section 4.2). Assuming that electrons are solely produced by C ionisation, the C + number density is given by
where Γ is the ionisation rate (see Appendix G) and ξ the recombination rate, taken from the NORAD database (Nahar 1995 (Nahar , 1996 . Assuming again LTE and raytracing the C II as described in section 3.3, we can compute the total C II flux. We find C II fluxes of 2.74 × 10 −18 W m −1 and 2.44 × 10 −18 W m −1 for the Gaussian ring model of Fig. 4 and the double power law model of Fig. 9 respectively. This compares well to the Donaldson et al. (2013) measurement of 2.68 ± 0.72 × 10 −18 W m −2 . The typical ionisation fraction in the mid-plane at r 0 of these models is ∼0.2. In section 5.6, we discuss the possibility of a weaker ISRF that would yield a longer event timescale. When repeating the above ionisation calculation with ISRF intensity reduced by a factor 10, the C II flux is reduced, but still within 2.5σ of the measured value.
We point out that the lower limit on the C + column density derived by Donaldson et al. (2013) is too low by a factor ∼10 6 , presumably because of a computation error. Also, their equation 2 is incorrect: the factor g 1 should be removed.
F. A LOWER LIMIT ON THE KINETIC TEMPERATURE FROM THE OBSERVED C II EMISSION
At low temperature, the C II 158 µm line becomes hard to excite. We can derive a lower limit on the kinetic temperature by considering the maximum C II flux that can possibly be emitted for a given kinetic temperature T kin :
where B ν is the Planck function, Ω the solid angle of the emitting region and ∆ν = ∆vν 0 /c the width of the emission line (we assume ∆v = 9 km s −1 , see Fig. 2 ). Equation F3 corresponds to completely optically thick emission. Assuming Ω = 2r max 4H/d 2 (i.e. an edge-on disk extending out to r max in the radial direction and two scale heights H in the vertical direction, seen at distance d) with r max = 150 au and H = 7 au, we find that the C II flux observed by Donaldson et al. (2013) can only be reproduced if T kin > 28 K.
G. DOMINANT SOURCE OF C IONISATION AND CO PHOTODISSOCIATION
Here we establish the dominating source (star or ISRF) of photons for CO photodissociation and C ionisation. We model the ISRF as described in Draine (1978) . The star is modelled with an ATLAS9 model (Castelli & Kurucz 2004) assuming an effective temperature T eff = 8000 K (Rodigas et al. 2014) as well as surface gravity log(g) = 4.25 (typical for an A6 main-sequence star, Adelman 2004) . The stellar radius is chosen as 1.47 R to match the luminosity of MacGregor et al. (2018) . The C ionisation rate is computed using cross sections from the NORAD database 12 (Nahar & Pradhan 1991) , while for CO photodissociation, we use cross sections from the PPARM database. We find that the (unshielded) rates are dominated by the ISRF beyond ∼12 au from the star. Our finding contrasts with the case of the β Pictoris disk, where stellar photons dominate (e.g. Cataldi et al. 2018 ) despite β Pictoris being of similar spectral type (A6, Gray et al. 2006) . This is because β Pic is observed to emit above a standard model atmosphere at wavelengths (∼900-1100Å) relevant for CO photodissociation (Deleuil et al. 2001; Bouret et al. 2002; Roberge et al. 2006) . Unfortunately, to the best of our knowledge, no data in this wavelength region are available for HD 32297. However, we inspected HST/STIS spectra at longer wavelengths (1150-1700Å) and did not find evidence for emission above a standard atmospheric model. We note that a 10× weaker ISRF would still dominate beyond ∼35 au.
L quoted by
H. MEAN PHOTODISSOCIATION LIFETIME OF 13 CO AND C 18 O Due to the lack of photodissociation cross sections for 13 CO and C 18 O in the PPARM database, we here calculate the mean photodissociation lifetime based on the shielding factors from Visser et al. (2009) . For simplicity, we consider a uniform disk extending one scale height H above and below the mid-plane. The total shielding by 12 CO at a given vertical position z is then given by
with N ↑ CO and N ↓ CO the vertical column density of 12 CO above and below z, X is 13 or 18 and stands for the isotopologue and the shielding s X is taken from Table 6 of Visser et al. (2009) . The mean shielding < S CO X > is then computed numerically by calculating S CO X (z) for different values of z and taking the mean. Shielding by C 0 is taken into account in a similar manner. For given z, it reads
where σ C is the ionisation cross section and n C 0 is the constant number density of neutral carbon. The mean shielding is given by
where N C 0 is the total column density of neutral carbon. Finally, the mean photodissociation lifetime is given by
where t 0 pdX is the unshielded lifetime. We note the difference to the treatment in the Kral et al. (2018) model, where shielding by neutral carbon is simply taken as exp(−σN C 0 ). Their prescription maximizes the carbon shielding by effectively assuming that C 0 and CO are spatially separated, with carbon forming two layers sandwiching the CO layer 13 . This may be reasonable for protoplanetary disks where atomic carbon in the mid-plane is converted back to CO by various chemical processes (e.g. Jonkheid et al. 2004; Tsukagoshi et al. 2015) . In tenuous debris disks, however, these chemical processes are much too slow compared to destruction, and MRI turbulence is expected to thoroughly mix the species vertically.
